SUMMARY. Initial, recovery, and resting heat were measured in normal and hypertrophied papillary muscles in order to monitor the energetic consequences of the subcellular changes accompanying hypertrophy. The pulmonary artery was constricted in rabbits 4 weeks prior to measurements. Right ventricular papillary muscles were stimulated at 0.2 Hz and 21 °C in Krebs-Ringer solution under isometric conditions at optimum length. Peak twitch tension was 5.90 ± 0.25 g/mm 2 (SEM) in normal muscle (N) and 5.11 ± 0.47 g/mm 2 (NS) in pressure overload muscle (P). The maximal rate of tension generation decreased 26% (P < 0.02) from 15.9 ± 0.85 g/mm 2 sec (N) to 11.7 ± 1.37 g/mm 2 sec (P). Time-to-peak tension increased 30% (P < 0.001) from 627 ± 20 msec (N) to 816 ± 21 msec (P). The total activity related heat production per beat decreased 36% (P < 0.001) from 3.92 ± 0.26 mcal/g (N) to 2.51 ± 0.29 mcal/g (P). Initial heat was reduced 37% (P < 0.001) from 1.66 ± 0.10 mcal/g (N) to 1.04 ± 0.12 mcal/g (P). The isometric heat coefficient increased 43% (P < 0.005) from 8.76 ± 0.54 (N) to 12.5 ± 1 (P) showing increased economy in hypertrophy. There was an early fast phase (1.29 ± 0.12 mcal/g per sec) of initial heat lasting 396 ± 25 msec which was related to tension build-up. A slow phase (1.05 ± 0.07 mcal/g per sec) accompanied relaxation. In hypertrophy, the fast phase was 32% (P < 0.05) slower than normal and lasted 27% (P < 0.02) longer; the slow phase was 48% (P < 0.001) slower than normal. The ratio of recovery to initial heat (1.37 ± 0.09) was not different in N and P muscles. Resting heat was 2.08 ± 0.35 mcal/g per beat in N and 1.35 ± 0.23 mcal/g per beat in P muscles. Our present results and previous enzymatic and mechanical studies suggest that the relation between the compensated pressure overload hypertrophied and normal hearts is similar to the relation between slow and fast skeletal muscle. The changes in the heart that undergoes hypertrophy secondary to pressure overload are beneficial, since they meet the new hemodynamic demands with increased economy of force production. (Circ Res 50: 491-500, 1982)
Increased Myothermal Economy of Isometric Force Generation in Compensated Cardiac Hypertrophy Induced by Pulmonary Artery Constriction in the Rabbit
THIS investigation was undertaken to provide in vivo monitoring of subcellular changes induced by pressure overload hypertrophy in rabbit heart. The deposited film thermopile that we recently developed (Mulieri et al., 1977) is ideally suited to this study, since its low thermal capacitance, high time resolution, and sensitivity allow temperature changes accompanying an individual twitch to be correlated with the simultaneously recorded myogram. This offers the possibility of monitoring the time course of initial and recovery heat in an individual twitch response and correlating these with the intracellular mechanical and enzymatic processes known to accompany different portions of the twitch myogram. In addition, it is also of interest to compare myothermically derived values of total isometric energy liberation with values derived from oxygen consumption determinations, since the latter measurements are not in agreement with regard to the differences between normal and pressure overload hypertrophied tissue.
In the present study use of myothermic methods to investigate the energetics of normal and pressure overload hypertrophied tissue has allowed us to distinguish between changes in the economy of the force-generating system, the recovery system, and the resting or basal metabolic system. Our results show that, in pressure overload hypertrophy without heart failure or decreased isometric tension-generating ability, there is increased economy of force production, no change in the recovery process, and a possible diminution in resting heat liberation.
In a preliminary report (Alpert and Mulieri, 1977) , we found the initial heat per gram of muscle to be reduced by 57% in pressure overload hypertrophy. This is greater than the reduction reported here (37%)
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Circulation Research/Vol. 50, No. 4, April 1982 because the controls in the earlier series of five muscles liberated 40% more initial heat per gram of muscle than did the present controls. We believe the present values, obtained from a much larger population, to be a better representation of rabbit papillary muscle energetics.
Methods

Animals and Surgical Preparation
Experiments were performed on 38 male albino rabbits weighing 2.44 ± 0.09 kg at the time of sacrifice. Experimental animals (1.7 ± 0.04 kg body weight) were anesthetized with Phenergan (20 mg/animal) and sodium pentobarbitol (20 mg/kg). Positive pressure respiration with 95% C>2-5% CO2, partially saturated with halothane, was established after tracheal intubation. The central end of the pulmonary artery was exposed and freed of surrounding connective tissue through an incision at the second intercostal space on the left side of the animal. A spiral monel metal coil (inside diameter 2.9 mm; length 6.6 mm; 2.5 turns; 0.7 mm diameter wire) was applied to the outside surface of the artery by threading the spiral around the artery in a screw-like manner (Hamrell and Alpert, 1977) .
Animals recovered (3-5 hours) in a warm compartment (28 °C) which was continuously supplied with a moisturized, 95% C>2-5% CO2 gas mixture. The surgical trauma and the 67% constriction of the pulmonary artery caused 50% of the animals to die within 72 hours of surgery. Experiments were performed 32 days after surgery.
Right ventricular blood pressure was measured directly in five representative experimental and control animals under standard anesthesia by needle puncture of the thorax and right ventricular wall (18-gauge, 5-cm hypodermic needle connected to the AILTECH, MSIOD pressure transducer). Papillary muscles were not taken from these animals.
Papillary Muscle Preparation
Hearts were excised from rabbits that had been stunned by a blow to the base of the skull. The excised hearts were exsanguinated in six changes of bathing solution at 37°C and transferred to a dissection chamber at room temperature 23-25 °C. The thinnest available papillary muscle of length greater than 3.5 mm was removed from the right ventricle after loops of 4-0, noncapillary, braided silk were ligated to its tendon and base with size 4-0, twisted silk. We mounted the muscle vertically, base up, on the thermopile surface by passing the silk loops over glass hooks above and below the ends of the thermopile element. The lower hook was fixed to the thermopile frame, while the upper one extended to the isometric force transducer above the muscle chamber. To compensate for the conical shape of the papillary muscles, a tether was adjusted to pull the lower silk loop toward the plane of the thermopile so that the apex, as well as the base of the muscle, would contact the surface of the thermopile. Complete details of the thermopile system and mounting procedure are presented elsewhere (Mulieri et al., 1977) .
Upon completion of the experiment optimal muscle length (lo) was determined by measuring the muscle length (between base ligature and myotendinous junction) in situ on the thermopile using a traveling microscope (10X) and a vernier scale (0.1-mm resolution). Muscles were cut free of their bases and tendons, blotted, and weighed. Dry weights were obtained after 12-48 hr drying at 100°C in a dessication oven. Average cross-sectional area was estimated by dividing the blotted weight (M) by the length of the muscle at lo.
Mechanical
Isometric twitch responses were obtained using a cantilever-beam force transducer (Hamrell et al., 1975) . Beam deflection was converted to voltage by a capacitance-sensitive bridge (Dynagage, model DG 600D, Photocon Research Products). The transducer has a compliance of 0.4 /wn/g and a resonant frequency of 3 kHz.
We functionally established lo by gradually increasing the muscle length in 0.05-mm steps (every 3-5 minutes during continuous 0.2 Hz pacing) until stable twitch tension showed either no increase or a decline following the last stretch.
To avoid baseline drift-induced errors in resting tension measurements, the muscle was released sufficiently (1-2 mm) to reduce twitch tension to zero, and resting tension was taken as the deflection in the diastolic force trace.
Stimulation
Muscles were stimulated end-to-end with monophasic, rectangular wave stimuli of 2 msec duration and 0.2 Hz frequency delivered by a Grass stimulator (model S4G) through a radio frequency-coupled stimulus isolation unit (Grass, SIU model 4A). The stimulus current was conducted to the muscle by 25 /tm in diameter, annealed platinum wires whose ends were held in contact with the tendon and base (cathodal) of the muscle by the silk ligatures (Mulieri et al., 1977) .
Thermal Measurements and Analysis
Muscle temperature was measured by a 14-junction, Hilltype thermopile fabricated by vacuum deposition of bismuth and antimony junctions on a mica substrate (Mulieri et al., 1977) . Eight different thermopiles of similar design were used in these experiments. They had a temperature sensitivity of 1.36 ± 0.06 juV/m°C (1.26-1.44), a thermal capacity of 0.36 ± 0.05 mcal/°C (0.19-0:50), a heat loss conductance of 0.45 ± 0.048 mcal/°C per sec (0.33-0.54), and an electrical resistance of 195 ± 5.6 Q, (180-202) . Thermopile output voltage was amplified by a light beam galvanometer (Kipp, A80) and a twin phototube (RCA920) and displayed on one beam of a dual beam oscilloscope giving an overall bandwidth of 60 Hz and a 6-msec risetime (Tektronix: 565 and 2A63 or 5103N and 5A22N). The signal was also recorded simultaneously on a Gould-Brush chart recorder (model 2400) and on FM tape (HP. 3960).
Thermal capacity of the muscle and adhering solution was determined during each heat measurement series by the modified Kretzschmar-Wilkie method described previously (Mulieri et al., 1977) . In using this method under physiological conditions, we found the cool-off curves contained additional cool-off time constants associated with heat loss through the back, unloaded side of the thermopile (T = 0.2 sec) and with heating of the surrounding moist air (T = 40 sec) and stainless steel chamber (T = 200 sec). The first was eliminated by discarding the first second of the cool-off records and the latter two were minimized by reducing the total heating time. The reduction was achieved by using an initially high infra-red heating rate so that the resting muscle was rapidly brought to its final temperature (5 seconds) and then reducing the heating rate to briefly (5 seconds) maintain a constant temperature before switching off the heating. The resulting cool-off records could be accurately analyzed into a single cool-off time constant and a small (3%) constant accommodating any baseline drift.
Temperature records were converted to heat units by multiplication with the corresponding thermal capacitance. No correction for thermal lag was necessary, since all measurements reported here would not be affected by the conduction time of less than 7 msec (Mulieri et al., 1977) .
Heat loss correction was accomplished by graphical methods (Bugnard, 1934) , rather than electronically, because of the difficulties associated with the presence of multiple cool-off time constants and our desire to minimize contribution from recovery metabolism to the initial heat deflection. The method is shown in Figure 1 . It relies on the concept that the true temperature change accompanying a given twitch in a steady state series of twitches is the difference between the actual temperature trace and the falling trace (dashed line in Fig. 1 ) which would occur if the muscle had not been stimulated. This extrapolation is performed by omitting one stimulus and fitting a curve to the concave-up portion of the temperature trace occurring both before and after the stimulus point where no stimulus was delivered. This curve is then translated backward (as indicated by the dotted lines in Fig. 1 ) and fitted to the previous response. The corrected temperature change is read off as the distance ft and converted to initial heat, I, as described above. A major advantage of this method is that, in addition to correcting for heat loss, it also automatically subtracts temperature changes associated with residual recovery metabolism from previous twitch responses.
We assumed (see test below) that the time of peak temperature change (1.8-1.9 sec) is the demarcation between the initial and recovery processes (Bugnard, 1934) . In addition to convenience of measurement, use of ft to measure initial heat is supported by its occurrence near the end of the relaxation phase of the isometric twitch (Fig. 1) .
The initial heat evolution was further characterized by division into a fast component whose amplitude is ft? and whose rate is indicated by ft? • ft?, corrected for heat loss, was obtained from ap and P in Figure 1 as tan <XK + tan ft. For practicality, the end of the fast component was taken as the point of departure of the temperature trace from a straight line tangent drawn through the initial portion of the record (Fig. 1) . The subsequent slow component rate was similarly obtained from as and /? while its amplitude, ftj, was obtained by subtraction of d T from ft.
To ensure that a significant portion of ft is not related to recovery metabolism (Chapman and Gibbs, 1974; Gibbs, 1978) , we reasoned as follows and performed the experiments outlined below.
If there is a significant contribution to ft from recovery metabolism, elimination of the recovery process should reduce ft by the amount it contributes. Attempts to measure ft in muscles whose recovery metabolism was completely blocked by 0.5 min iodoacetic acid (IAA) and anoxia failed, because the rapidly ensuing decline in twitch tension and onset of rigor* prevented steady state temperature measurements. We therefore used partial blockade of recovery metabolism so that stable, rigor-free muscle performance could be obtained. Then, any diminution in ft (due to a reduced contribution from recovery metabolism) and the degree of blockade (as determined by the Bugnard method) were used to calculate the total contribution to ft from recovery metabolism.
Accordingly, ft and twitch tension were measured in eight rabbit papillary muscles under normal conditions described above. Then recovery metabolism was partially blocked by incubating the resting muscles in 0.1 mM iodoacetic acid (IAA) Krebs-Ringer for 90 minutes (Pirzada et al., 1975) . During the last 60 minutes of this treatment, oxygen was excluded by switching to 95% N 2 -5% CO2. The oxygen content fell below 0.07% within 45 minutes after * The high-energy phosphate concentration in heart muscle (ATP, CrP) of about 18 iimol/g is expected to be totally depleted in 20 minutes solely due to the resting consumption rate of 0.9 jimol/g per min .
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Circulation Research/VoJ. 50, No. 4, April 1982 changing to N2-CO2. Upon resumption of stimulation at 0.2 Hz, there was a brief treppe period followed by a 5-to 20-beat period of steady state twitch tension and steady state average muscle temperature, during which time the twitch tension and 0i were measured in the partially metabolically blocked muscles. Although the addition of 0.1 HIM IAA in the presence of normal P02 does not alter the twitch response, with anoxia, peak twitch tension was reduced to 68% of its normal value (see also Gibbs, 1969) . Since it has been shown that initial heat is directly related to twitch tension in both skeletal (Homsher et al., 1972; Smith, 1972) and cardiac muscle , we compensated for the reduced twitch in IAA-N2 solution by normalizing the initial heat with respect to peak twitch tension. The mean ratio of initial heat to peak twitch tension in the partially blocked muscles was 95 ± 4% of the mean value before blockade. A paired t-test failed to show a significant difference between the ratios in normal as compared with blocked muscles. Since measurements (see below) indicated recovery heat to be reduced to 24% of its normal value in the treated muscles, 76% of any recovery heat contaminating the initial heat would be eliminated. Hence, in the worst case, assuming that the 5% average reduction in initial heat per unit twitch tension is statistically significant, the contamination of initial heat with recovery heat under normal conditions would amount to only 7%. The temporal separation of initial and recovery heat above may not be as clear-cut at 37°C in a more rapidly paced heart (Gibbs, 1978) .
Recovery heat and total heat were measured by the Bugnard (Bugnard, 1934; Wendt and Gibbs, 1976 ) method as depicted in Figure 2 . Total activity related heat for one twitch in a steady state series is represented by the area, AT, in Figure 2 . The initial heat deflection was converted to an equivalent area Ai by obtaining the area under the temperature curve &.R which results when the resting muscle is heated briefly by infra-red (I-R) radiation (Mulieri et al., 1977) . In most experiments, this area was estimated by multiplication of 6\ by the cool-off time constant T. The ratio of recovery heat to initial heat was obtained from these areas as R:I = (AT-AI)/AI.
Resting heat was obtained by noting the change in resting temperature of the muscle when the muscle and pile are submerged in pre-equilibrated Krebs solution. To achieve this, the lower portion of the chamber was filled with Krebs to submerge the thermopile and frame to a point just below the bottom end of the muscle. After a 30-minute equilibration, the Krebs level was quickly increased to submerge the muscle completely. Only thermopiles that gave no more than a 0.09 ± 0.04 m°C (6% resting temperature) output when this operation was performed without a muscle on the thermopile were used in resting temperature determinations. Resting temperature was converted to resting heat rate by multiplication with the heat loss coefficient (Mulieri et al., 1977) of the thermopile (0.56 mcaI/°C per sec).
Solutions
Krebs-Ringer solution contained in mM :Na, 152; K, 3.6; Cl, 135; HCO3-, 25; Mg 2+ , 0.6; H 2 PCV, 1.3; SO, 2 ", 0.6; Ca 2+ , 2.5; glucose, 5.6. Solutions were continuously gassed with 95% O2-5% CO 2 during all stages of dissection and equilibration. During heat measurements, the same moisturized and temperature-equilibrated gas was continuously bubbled through (25 ml/min) a 2-mm layer of solution which remains at the bottom of the thermopile chamber when it is drained.
Iodoacetic acid-Krebs 0.1 miu solution was made by adding 18.6 mg/liter of iodoacetic acid to normal KrebsRinger solution. Oxygen was excluded from the drained chamber by a 1-hour washout with 95% N 2 -5% CO2 (25 ml/ min). All N2-CO2 conduits were copper or glass.
All salts were Mallinckrodt analytical reagent grade. Iodoacetic acid was obtained from Sigma and dextrose was prescription-grade Mallinckrodt. Glass-distilled water was used for all solutions.
Statistics
Values stated in this paper represent the mean ± standard error of the mean. Values from 18 hypertrophied muscles were compared with those from 20 normal muscles by Student's r-test. A two-tailed, P value of 0.05 or less was considered significant.
Experimental Protocol
After the papillary muscle had been aligned over the active junctions of the thermopile, the stainless steel muscle chamber was slipped over the thermopile, submerging the 
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muscle. Regular stimulation at 0.2 Hz was begun and the chamber was kept at room temperature (23-28°C) for 1-hour. A second hour of equilibration with 0.2 Hz isometric responses followed after lowering the muscle chamber assembly into a 70-liter, air-stirred, constant-temperature water bath at 21 °C. Twitch tension usually rose 2-to 3-fold during the 2-hour equilibration period.
Optimal length (l o ) and the ratio of twitch to resting tension then was established as described above. Muscles were rejected if the active-to-resting tension ratio was lower than 4. Since this ratio usually climbed throughout the 3-to 5-hour experimental period, some muscles were not discarded at this point if a ratio of about 3-3.5 was found and maximal twitch tension seemed appropriate for the approximate cross-sectional area of the muscle (estimated by eye). At this point, twitch tension, resting tension, and stimulation threshold voltage were measured before draining the muscle chamber. An additional stream of 95% O 2 -5% CO2 gas was turned on to supply the space above the solution while the latter was drained into the stainless steel holding chamber at the side of the muscle chamber. Stimulus voltage was adjusted to the threshold value for drained muscle conditions (2-3V).
Temperature measurements were made as soon as the average temperature trace reached its steady state position (5-10 min). Five twitch tension and temperature responses were recorded (0.25 /iV/cm) at high speed (25 mm/sec) from which rate and timing measurements were made. The next five responses were recorded at slower speed (10 mm/ sec) to facilitate measurement of temperature and tension excursion amplitudes. The sixth stimulus was omitted to obtain the cool-off curve needed for 8\ determination. This entire sequence was repeated to enable replicate measurements after reestablishment of steady state twitch and temperature records (15-30 twitches) following the dropped beat. After this, five more responses and the cool-off to the baseline temperature were recorded at reduced speed (5 mm/min) and temperature sensitivity (0.5-1 juV/cm) to | permit application of the Bugnard method of total and recovery heat determination (see Fig. 2 ).
The muscle remained in the resting state during the subsequent three cycles of infra-red heating and cool-off recording to allow cool-off time constant determination (4 min/cycle). The muscle was out of solution for 45-90 minutes during each recording session and maintained stable performance (±5%) throughout (Mulieri et al., 1977) . The resting muscle then was resubmerged in temperatureequilibrated solution to obtain the resting temperature of the muscle. Two complete runs were performed per experiment.
Stimulation at 0.2 Hz was resumed and twitch tension, resting tension, and stimulus threshold were redetermined after steady state was established in the submerged muscle (50-60 beats).
Results
Results were obtained from 18 pressure overload animals and 20 age-and weight-matched normal animals.
Heart Weight and Intraventricular Pressure
Following pulmonary artery banding there was a significant increase (100%, P < 0.001) in the ratio of right ventricular free wall (RV) to left ventricular wallplus-septal weight (LV) ( Table 1A) . Papillary muscles from these preparations also underwent an increase in weight but to a lesser degree (60%; Table 1A ). The dry:wet weight ratios for the right ventricle and RV papillary muscles were the same in experimental and control preparations, whereas this ratio for the liver increased (Table IB) . Right ventricular systolic and diastolic pressures were significantly increased (Table  1C) . 
Mechanics
At optimal length (4.6 ± 1.26 mm), isolated right ventricular papillary muscles had a cross-sectional area of 0.59 ± 0.03 mm 2 , a passive force of 0.89 ± 0.07 g/mm 2 , and developed an active isometric twitch force of 5.90 ± 0.25 g/mm 2 . In hypertrophied papillary muscles, resting and peak twitch tensions were 0.91 ± 0.08 g/mm 2 and 5.11 ± 0.47 g/mm 2 [102 ± 13% (NS) and 87 ± 10% (NS) of normal], respectively. P muscles were 85% (P < 0.001) larger in crosssectional area and not different in muscle length. The maximal rate of tension development was 15.9 ± 0.85 and 11.7 ± 1.37 g/mm 2 per sec for the control (N) and pressure overload (P) preparations, respectively (P:N = 73.6 ± 7%, P < 0.02). Time-to-peak tension increased 30% (P < 0.001) in the P preparations from 627 ± 20 to 816 ± 21 msec. Relaxation time (time from peak twitch tension to return to tension baseline) was 1955 ± 91 and 1749 ± 87 msec (NS) for the N and P preparations. The tension-time integral of the twitch in P muscles {5.77 ± 0.54 g sec per mm 2 ) was not significantly different than in N muscles (6.51 ± 0.44 g sec per mm 2 . The stimulation frequency for optimal isometric twitch force was determined in a separate group of papillary muscles (5N, 5P) from the same hearts. In N muscles, the peak occurred at 0.36 Hz (P T w at 0.2 Hz was 0.88 P T w at 0.36 Hz). In P muscles, the peak occurred at 0.27 Hz (PTW at 0.2 Hz was 0.95 PTW at 0.27 Hz).
Thermal Measurements
Records of the time course of papillary muscle heat production and force for the N and P preparations are presented in Figure 3 . The initial heat production for the N muscle was 1.66 ± 0.10 mcal/g.f For the P muscles, there was a depression of 37% (P < 0.001) to 1.04 ± 0.12 mcal/g. When the initial heat per gram of muscle was normalized to isometric force per unit cross-sectional area, there was a 29% depression in the P muscles (N = 2.91 ± 0.18 /zcal/gcm; P = 2.08 ±0.17 jitcal/gcm; P < 0.005). These values are equivalent to an isometric heat coefficient of 8.76 ± 0.54 and 12.5 ± 1.00 for the N and P muscles, respectively.
In normal muscle, the initial heat was liberated in two phases, beginning with a fast component, F, which lasted 396 ± 25 msec, and followed by a slow component, S. The heat rates for the fast and slow components were 1.29 ± 0.12 and 1.05 ± 0.07 meal/ g per sec, respectively (S:F = 0.81, paired t: P < 0.02). In the P muscles, the fast phase lasted 503 ± 36 msec (P:N = 1.27; P < 0.02) and was liberated at 0.88 ± 0.15 mcal/g sec. The slow phase heat rate was 0.55 ± 0.09 mcal/g per sec (S:F = 0.63; paired t: P < 0.001). The percent depression of the fast and slow phase rates in the P muscles was 32% (P < 0.05) and 48% (P < 0.001), respectively. In half of both N and P preparations, the onset of the slow phase exhibited a marked delay with respect to the end of the fast phase I s e c Figure 4 of Alpert and Mulieri (1981) .
FIGURE 3. Comparison of heat and tension in isometric twitches of normal and pressure overload hypertrophied papillary muscles. Upper traces show the thermopile output with added stimulus marker spikes. The solid trace is from a normal muscle (N). The white-dotted and striped traces are from two pressure overload muscles (P) demonstrating the presence and absence, respectively, of a delay in onset of the slow phase of initial heat (see text). The lower traces show the isometric myograms from the normal and the white dotted P muscle. Stimulation rate: 0.2 Hz; temperature: 21 °C. Adapted from
(N = 66 ± 25 msec; P = 99 ± 35 msec; NS) as seen by comparing striped and solid P traces in Figure 3 .
The amplitude of the fast component of the initial heat was 0.44 ± 0.026 mcal/g and 0.36 ± 0.028 meal/ g in N and P preparations, respectively (P:N = 0.82; P < 0.05). When the fast component amplitude was normalized to the amplitude of isometric force per cross-sectional area developed by the end of the fast component there was no significant difference between the N and P muscles (N = 1.05 ± 0.14 jucal/g cm, P = 0.96 ±0.11 pcal/g cm).
The total activity-related heat production per beat (5-second intervals), as measured by the Bugnard method, for the N and P preparations was 3.92 ± 0.26 and 2.51 ± 0.29 mcal/g (P < 0.001), respectively. When the total activity-related heat production for the 5-second period was normalized per unit of force development, the values for the N and P preparations were 6.81 ± 0.44 and 5.05 ± 0.43 lical/g cm, respectively (P < 0.001).
Resting heat production in five N and P preparations was 0.42 ± 0.07 mcal/g per sec (2.08 ± 0.35 mcal/g per beat) and 0.27 ± 0.046 mcal/g per sec (1.35 ± 0.23 mcal/g per beat), respectively (P < 0.21, NS).
Discussion
Normal Papillary Muscle
Since this is the first report of thermal measurements on cardiac muscle using newly developed rapid response thermopiles (Mulieri et al., 1977) , it is important to compare the heat measurements from normal rabbit papillary muscles with those previously reported by others.
Resting heat production was 0.42 ± 0.07 mcal/g per sec in our experiments, which compares well with the value of 0.41 mcal/g per sec reported by Gibbs et al. (1967) .
Total activity-related heat liberation (TA) per beat was 3.92 ± 0.26 mcal/g blotted weight. This is about 30% larger than values reported for the same muscle in 5 mM Ca 2+ at 20°C and 96% larger than in 2.5 mM Ca 2+ (Chapman et al., 1976) . The discrepancy may in part be due to the non-steady state conditions used by Gibbs and Chapman, who report average heat in 10-15 contractions after a rest period including a staircase effect. We note that their twitch tensions average 20-40% lower than those reported here. Gibbs et al. (1967) estimate steady state heat production to be 20-40% higher than in single contractions.
Since our thermopiles are particularly suited for high speed measurements, we examined the detailed time course of initial heat liberation. Initial heat records display an early fast component which was liberated at a rate of 1.29 ± 0.12 mcal/g per sec. This compares well with the mean value of 1.36 ± 0.32 (n = 5) mcal/g per sec which we measured from records published by Gibbs and collaborators (Gibbs, 1967; Gibbs et al., 1967; Gibbs and Vaughan, 1968; Gibson, 1969, 1970) .
The end of the fast component of initial heat occurs at 63% of time-to-peak twitch tension (TPT), at which time tension is 81% of maximum. This suggests that the major portion of the fast component of initial heat liberation (0.44 mcal/g) (IF) is related to tension buildup or internal shortening.
The slow component (1.2 mcal/g) of initial heat production (Is) accompanies relaxation. Some of this may be attributed to calcium uptake by the sarcoplasmic reticulum (0.2 X I = 0.32 mcal/g; Alpert and Mulieri, 1977) and the remainder is associated with cross-bridge cycling during relaxation and dissipation of energy stored in series elastic components.
The isometric heat coefficient PTW1 O :H [PTW = isometric twitch tension g wt., l o = muscle length (cm), H = I = initial heat (Hill, 1958) ] is a dimensionless parameter that is useful as an index of contraction economy. Our value for isometric heat coefficient (PTW1 O :I) in normal muscle is 8.76 ± 0.54. Although our value is undoubtedly lowered by the unavoidable inclusion of stray compliance in the silk ligatures and inert tissue, it is comparable to values from frog muscle at 0°C (Hill, 1958) but is 2.4 times higher than Gibbs' (1969) value for rabbit papillary muscle. The low value of 3.7 in Table 2 of Gibbs (1969) arises from his inclusion of recovery heat in the value of H . His data give a PTW1 O :I ratio of 6.7 when recovery heat is blocked. This is 76% of the value reported in our study. Pool and Sonnenblick (1967) report a value of 7.9 for cat papillary muscle obtained by direct measurements of the amount of creatine phosphate consumed per twitch in IAA-N 2 -blocked preparations.
Our initial heat (I) value of 1.66 mcal/g and total heat (TA) value of 3.92 gives a recovery:initial heat ratio of 1.37 ± 0.09 (R:I = (T A -I)/I). This ratio is in marked contrast to the theoretical value of 0.71 predicted by Chapman and Gibbs (1974) and is different from our value of 0.65 in rat hearts (Holubarsch et al., in press ). The R:I ratio of rat heart is similar to thyrotoxic rabbit heart (Alpert and Mulieri, 1980) . Similar departures from the theoretical value of R:I have been found in frog skeletal muscle. The ratio is 0.69 in single twitches but increases to 0.97 with steady pacing at 20-seconds intervals, 1.24 at 2-seconds intervals, and 1.5 with tetanization (Bugnard, 1934) . Bugnard suggests that the departure from 0.69 is related to changes in the efficiency of the recovery process. With single twitches or with low repetition rates, rephosphorylation is supported by oxidation, whereas, at higher rates with tetanization, a less efficient recovery process occurs which involves lactic acid formation and glycogen synthesis.
Another possible explanation for our larger R:I value is that there is a slowly developing (50 twitches) activity-related rise in the baseline temperature of the muscle. This is not allowed for when the Bugnard method of total heat determination is used, because the baseline is assumed to remain constant. This activity-related heat liberation may be associated with shifts in the equilibria of intracellular basal metabolic processes caused by alterations in average levels of ADP and calcium. A baseline increase of 1.08 meal/ g per beat would reduce the R:I ratio to the expected value of 0.71. The shift would also reduce our total activity-related heat (T A ) to 2.84 mcal/g per beat, bringing it more in agreement with the values of 2-3 mcal/g per beat reported from Gibbs' laboratory. It is reasonable to propose that the baseline shift requires more than 10 twitches to develop, since as many as 50-60 twitches are sometimes required to reach steady state heat output. Hence, none of Gibbs' measurements would contain a significant contribution from this proposed baseline shift.
Whereas this uncertainty in interpreting the R:I values cannot be resolved without further experiments, it does not affect our initial heat values because we read the initial temperature excursion, 6\, within a single beat without the necessity of referring it to a questionable baseline. The unchanged R:I value in hypertrophy suggests R to be diminished in proportion to the diminution in I; however, the possibility of a disproportionate change in the activity-related baseline shift in the hypertrophied myocardium should also be considered.
Pressure Overload Hypertrophied Papillary Muscle vs. Normal Muscle
The rabbit heart responds to a 66% decrease in the diameter of the pulmonary artery with a 100% increase in right ventricular weight. Although there is a significant increase in end-diastolic pressure (Table  1Q in our preparations, the absence of ascites or edema in the liver or heart precludes the presence of congestive heart failure. This model is characterized by a depressed maximum velocity of unloaded shortening (V max ) and myosin ATPase activity (Shiverick et al., 1976; Hamrell and Alpert, 1977; Thomas and Alpert, 1977; Litten et al., 1978; Maughan et al., 1979) . Comparable observations have been made by others Bing et al., 1971) . Findings of no change in the mechanical and chemical characteristics of the heart have also been obtained when the stress applied is less severe and the animal is given time to adapt (Williams and Potter, 1974; Wikrnan-Coffelt et al., 1975) .
The most important finding of the present study is the increase in economy of isometric force development in the pressure overload hypertrophied preparation. This amounts to 26% less activity-related total heat per unit tension, 29% less initial heat per unit tension, and a 42% increase in the isometric heat coefficient. This improvement in the economy of force production in the pressure overload preparations is likely to contribute to their ability to generate nearly normal isometric twitch force even though their extremely large cross-sectional area (185% normal) would be expected to diminish twitch tension by about 30% (Frezza and Bing, 1976)4 In the hypertrophied muscles, the fast component of initial heat was liberated at 68% of its rate in normal muscles (P < 0.05) and it lasted 27% longer than in normal muscles (P < 0.02). These alterations are consistent with associating the fast component of initial heat with tension build-up or internal shortening, since they are paralleled by changes in maximum rate of tension development (P:N = 0.74), mechanical V ma x (P:N = 0.64, Hamrell and Alpert, 1977) , and time-to-peak twitch tension (P:N = 1.30). While the amplitude of the fast component is 82% (P < 0.05) of its normal value, when expressed per unit twitch tension developed by the end of the fast component, there was no difference between the two. This suggests that the 29% diminution in initial heat per unit peak twitch tension is related to processes occurring during relaxation from peak twitch tension rather than during tension buildup.
The slow component of initial heat is liberated at 52% (P < 0.001) of its normal rate and its amplitude is reduced to 56% (P < 0.001) of normal in the pressure overload preparation. This is consistent with decreased amount or increased economy of crossit: The cross-sectional area of the papillary muscles from the pressure overload preparation is 85% larger than that of the controls. We do not believe that this factor contributes significantly to the increased economy of the hypertrophied muscle, for the following reasons: (1) A regression analysis did not reveal a significant correlation between initial heat per unit force and cross-sectional area of the papillary muscles from either normal NS) or hypertrophied NS) (N = 6.11 ± 0.32, P = 6.39 ± 1.25) but the same significant difference in initial heat per unit tension exists (P:N = 0.70, P < 0.01). bridge cycling during relaxation and with the observed 50% depression in tension-independent heat (Alpert et al., 1979) . Measurement of efficiency of external work production during isotonic responses in normal and hypertrophied muscle will be useful in confirming our interpretation of the origin of IF and Is and the source of increased economy of force production.
The recovery:initial heat ratio is not significantly different from that in normal muscle, indicating that increased economy in the pressure overload preparation is not attributable to alterations in the recovery process. Breisch et al. (1979) have observed a similar decrease (39%) in total heat per pressure-time integral produced by whole isolated cat hearts which were in a compensated state of pressure overload hypertrophy secondary to aortic constriction (79%). These results are in agreement with our findings and suggest that increased economy of isometric contraction prevails over the whole myocardium as well as in the isolated papillary muscles. Oxygen measurements on hypertrophied hearts in hypertensive subjects have indicated an increase in efficiency of about 50% (Baxley et al., 1977) .
Comparison with Other Studies on Energetics of Hypertrophy
In more severe forms of heart disease, as in the cardiomyopathic Syrian hamster in congestive failure, oxygen consumption per gram of heart tissue was observed to double (Kumar et al., 1971) . A similar finding was made in isolated papillary muscles from cats with right ventricular pressure overload hypertrophy and failure Cooper et al., 1973) . Although these results are in contrast with the present findings of increased economy, it has been found recently that, with gradual application of the pulmonary artery occlusion, there is a 59% reduction in isometric tension per unit area (Cooper and Marcus, 1979) , whereas the oxygen consumption per unit tension is slightly (23%) but not significantly depressed (Cooper et al., 1981) .
These findings of decreased, unchanged, or increased efficiency of oxygen consumption in pressure overload hypertrophy suggest that the many alterations which accompany pressure overload hypertrophy (alterations in cross-bridge chemo-mechanical transduction efficiency, excitation-contraction coupling efficiency, time-to-peak tension, tension per unit area, mechanical Vnuu, etc.) can combine in different ways, possibly depending on the specific time course and intensity of the pressure overload stress, to produce overall changes in economy in either direction.
The pressure overload, compensated hypertrophy model described in this paper is to be classified together with compensated pressure overload models previously described by others as having decreased mechanical Vmax, increased time-to-peak tension, unchanged peak tension (Bing et al., 1971) , decreased myosin ATPase (Carey et al., 1978) , and unchanged or increased economy of tension generation (Cooper and Marcus, 1980; Breisch et al., 1979) . A further subdivision of this class may be necessary to accommodate models which exhibit decreased tension and decreased economy of tension generation .
A second class of pressure overload models exhibits unchanged (Chandler et al., 1967) or increased myosin ATPase (Wikman-Coffelt et al., 1975 ). It appears that the degree of elevation of ventricular pressure may be a determinant of whether myosin ATPase decreases or increases. In the canine pressure overload model examined by Wikman-Coffelt et al. (1975) , mild constriction of the pulmonary artery produced a 49% increase in heart:body weight ratio, and myosin ATPase was 35% above normal 5 weeks after surgery. This constriction causes a 60% increase in peak ventricular systolic pressure and no change in diastolic pressure. The constriction we apply to the rabbit pulmonary artery causes an approximately 2-fold greater pressure overload, in that ventricular systolic pressure is elevated 123% and diastolic pressure is elevated 83% (Alpert et al., 1979 , and this report). An additional feature of the mild pressure overload class is its transient nature, since the degree of hypertrophy and the increased ATPase decline to normal and 11% below normal, respectively. In our pressure overload model, the depressed myosin ATPase and mechanical V ma * persist as long as 37-80 days (Hamrell and Alpert, 1977; Litten et al., 1978) .
In a recent review (Wikman-Coffelt et al., 1979) , myocardial hypertrophy secondary to pressure overload has been divided into physiological and pathological classes. The former is defined as "hypertrophy accompanied by a normal or augmented contractile state in which the maximum rate at which myosin hydrolizes ATP and the maximum velocity of muscle shortening are either normal or elevated." Hypertrophy in which the rate of myosin ATPase activity and the velocity of muscle shortening are decreased without necessarily concordant heart failure has been defined as "pathological."
Although our pressure overload-compensated hypertrophy model meets the requirements for classification as "pathological" according to these authors, we feel decreased ATPase and mechanical V mM values are part of a normal and beneficial biological response to new steady state systemic conditions. The hypertrophy-induced alterations in our model are similar to the differences between isometric tetanic performance of slow and fast skeletal muscle (Barany and Close, 1971; Gibbs and Gibson, 1972; Wendt and Gibbs, 1973; Rail and Schottelius, 1973) and between tortoise and frog fast muscle (Woledge, 1968) in displaying decreased mechanical Vmx and decreased myosin ATPase whereas time-to-peak tension, curvature of the force-velocity relationship, and economy of isometric force development are increased.
The depressed parameters in the pressure overload heart are beneficial in that reduced ATPase reduces the risk of consumption of energy at a rate greater than the rate at which it can be supplied by the metabolic processes (Katz, 1973) . In addition, reduced heat liberation and the resulting reduced oxygen demand per gram of tissue makes diffusion distances less critical.
The mechanism of compensation involves a reduction in actin-activated myosin ATPase and an alteration in the EC coupling process to produce an increase in time-to-peak tension. These alterations decrease the cardiac reserve when demands on the heart call for an increase in heart rate or cardiac output such as would be seen in exercise stress or in the presence of an AV shunt (Amery et al., 1967) . Thus the benefits of the adaptation constitute a trade-off between specialization for high-pressure, low-speed work, as opposed to high-volume, low-resistance work as seen in exercise. This decreased ability to meet the high volume demands may result in failure of the compensated pressure overload heart during exercise.
Our results suggest that, in the myocardial adaptation to pressure overload stress, both the EC coupling and contractile systems are involved. Partitioning of the in vivo contribution of the changes in each of these systems needs to be undertaken. Preliminary results have indicated that the 36% reduction in initial heat per gram of muscle is brought about by a 50% decrease in the heat liberated by the EC coupling system and a 23% decrease in the heat liberated by the contractile apparatus (Alpert et al., 1979) .
